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The  purpose  of  this  study  was  to  evaluate  the  influence  of  intermittent  exercise  and  knit 
structure  of  underwear  on  various  subjective  sensations  of  temperature  and  humidity.  Underwear 
manufactured  from  100%  polypropylene  fibers  in  five  different  knit  structures  (1-by-l  rib,  fleece, 
fishnet,  interlock,  double-layer  rib)  were  applied  and  tested  as  part  of  a  prototype  clothing 
system.  Human  testing  was  done  on  eight  male  subjects  and  took  place  at  T§»5#C,  T de*-3.5*C 
and  V#=0.32  m-s‘\  The  test  comprised  a  twice  repeated  bout  of  40  min  cycle  exercise  (315 
W-m'2;  52±4.9%  V02max)  followed  by  20  min  of  rest  (62  W-m’2).  Intermittent  exercise  had 
a  significant  influence  on  all  temperature  and  humidity  sensations  of  the  body,  of  the  skin¬ 
clothing  interface,  and  of  the  environment.  Knit  structures  of  the  underwear  influenced 
sensations  of  humidity  significantly,  but  not  sensations  of  temperature.  The  various  sensations 
of  temperature  correlated  best  with  core  temperature,  whereas  the  sensations  of  humidity 
correlated  with  skin  wettedness.  Subjective  sensations  of  wetness  of  the  skin  and  of  the  clothing 
arc  recommended  as  a  sensitive  tool  to  discriminate  between  the  thermal  function  of  similar 
garments. 


Keywords:  subjective  sensations,  intermittent  exercise,  cold,  underwear,  thermoregulatory 


responses 


knit  1. erg 


3 


i.  INTRODUCTION 

v 

In  occupational  as  well  as  recreational  outdoor  activities,  intermittent  exercise  is 

common.  In  autumn  and  winter,  a  varying  activity  level  may  easily  result  in  periods  of  sweating 

and  chilling.  In  these  situations,  thermoreceptors  are  of  significance  for  autonomic  temperature 

regulation,  and  for  conscious  sensation  of  the  temperature  of  the  body  and  of  the  actual 
» 

environment.  .The  sensitivity  to  thermal  stimuli  varies  between  the  core  and  different  body 
surface  areas  jfBteicherrand  Behtifig  1973;'Crawshaw  ct  al.  1975^.  Humans  have  no  humidity 
receptors,  but  in  some  way  the  wetness  of  the  skin  is  also  sensed,  and  can  be  related  to  the 
evaluation  of  comfort  and  discomfort XWinslovTot  al.~f93?^  Also,  the  clothing  worn  generates 
thermal  and  contact  wearing  sensations  (Hollies  et  al.  1979;  Gwosdow  et  al.  1986). 

In  nude  people  in  a  warm  environment,  a  sense  of  pleasantness  and  comfort  is 
associated  with  low  values  of  skin  wettedness  (Winslow  et  al.  1937).  When  more  than  50*65% 
of  the  body  surface  is  wet,  it  is  experienced  with  discomfort  (Gaggc  ct  el.  1969).  In  dressed 
people  little  moisture  is  probably  required  in  the  skin*clothing  interface  to  introduce  sensations 
of  discomfort.  Hollies  (1965)  reported  that  strong  sensations  of  discomfort  were  noted  when 
sweating  occurred,  and  also  during  modest  excursions  of  warming  and  chilling  following  the 
inception  of  sweating.  After  the  addition  of  wa'cr  to  the  shirt,  he  observed  the  same  sensations 
as  with  sweating  showing  that  water  at  the  skin*fabric  interface  was  involved.  Also,  the  hand 
*'<•  of  fabric  perceived  has  been  reported  to  change  with  moisture  at  the  skin  surface  (Sullivan 
1927;  Gwosdow  et  al.  1986).  To  our  knowledge,  the  significance  of  conscious  thermal  sensation 
from  alternating  wet,  warm  end  cold  clothing  at  the  skin  surface  as  a  result  of  sweating  during 
intermittent  exercise  in  a  cold  environment  has  not  been  previously  studied.  How  various  fiber 
type  materials  and  knit  constructions  of  the  clothing  layer  next  to  the  skin  influences  the  micro 
environment  directly  over  the  skin  surface,  and  the  sensoty  input  from  the  skin  under  these 
thermal  conditions  is  also  unknown.  Practical  experience  has  demonstrated  that  cold,  moist 
fabrics  in  contact  with  the  body  produce  an  unpleasant  sensation,  referred  to  as  a  "chilling 
effect"  or  a  "clammy  feel". 

*  The  purpose  of  the  present  study  wr.s  to  investigate  the  development  of  various 
subjective  temperature  and  humidity  sensations  of  the  body,  of  the  skin-clothing  interface,  and 
of  the  environment  in  dressed  subject’s  during  intermittent  exercise  in  an  environment  resulting 
in  both  periods  of  sweating  and  chilling.  Further,  we  aimed  to  study  the  significance  of  the  knit 
structure  in  underwear  during  the  course  of  the  subjective  sensations,  and  whether  there  was 
any  correlation  between  subjective  sensations  and  physiologieal/physical  observations.  1  . 
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2.  METHODS 

guhierts.  Eight  healthy  males  volunteered  for  the  present  series  of  experiments.  Before  any 
testing,  the  subjects  were  informed  about  the  purpose  of  the  study,  any  known  risks  and  their 
right  to  terminate  participation  without  penalty.  They  expressed  understanding  by  signing  a 
statement  of  informed  consent.  None  of  the  subjects  did  more  than  two  test  sessions  per  week. 
They  had  an  average  (±s.d.)  age  of  23±4.9  years,  weight  of  74±  1 1.6  kg,  height  of  177±4.7  cm, 
DuBois  surface  area  (A^  of  1.91  ±0.146  m2  and  maximal  oxygen  consumption  of  3.34+0.644 
liters  Oj-min'1. 

(garment  description.  The  clothing  system  was  comprised  of  a  two-piece  long-slccved/long-legged 
underwear  ensemble,  a  Battle  Dress  Uniform  (BDU)  shirt  and  trousers  (50%  cotton/50% 
nylon',  woolen  socks,  gym  shoes,  and  woolen  gloves.  Underwear  manufactured  from  100% 
polypropylene  fibers  in  5  different  knit  structures  (1-by-l  rib  (Kl),  fleece  (K2),  fishnet  (K3), 
interlock  (K4),  double-layer  rib  (K5))  were  worn.  Insulation  values  of  all  five  clothing  systems 
and  all  five  underwear  ensembles  were  measured  on  a  thermal  manikin  (Madsen  1971)  (see 
Table  1).  Each  subject  his  own  separate  clothing  system.  Before  any  resting  was  done  on 
humans,  all  underwear  and  the  rest  of  the  clothing  system  were  laundc;  'd  and  air-dried  five 
times  without  the  use  of  any  detergent.  This  was  done  to  remove  any  excess  finishing  chemicals 
in  the  textiles.  For  each  subject,  the  order  in  which  the  clothing  systems  was  tested,  was 
randomized. 

Experimental  prptocol.  Conditions  were  designed  to  mimic  real-life  situations  where  sweating 
and  after-exercise  chill  would  develop  while  wearing  this  type  of  clothing.  Testing  occurred  in 
a  climatic  chamber  at  an  air  temperature  (Tt"T#)  of  5.0±0.52°C,  o  dew  point  temperature  of 
•3.5±0.31°C  (-54  %  relative  humidity),  and  an  air  velocity  of  0.32  m  s1.  The  air  flow  was 
created  by  large  fans  and  directed  towards  the  front  of  the  subject. 

To  standardize  the  initial  heat  content  of  the  five  clothing  systems  and  thus  eliminate  this  as 
a  factor  of  variation  for  the  heat  exchange  in  the  body-dothing-environment  during  the 
experiment,  a  rigid  procedure  was  followed.  The  clothing  was  stored  in  the  antechamber  at  least 
two  hours  before  the  experimental  procedure  began  (T#"29°C  and  rh»20%  -6.0  kPa).  The 
elaborate,  standardized  dressing  procedure  of  the  subject  also  took  place  in  this  antechamber. 
Each  subject  reported  to  the  laboratory  at  the  same  time  of  the  day  for  all  experiments  to  avoid 
any  circadian  variation  in  body  temperature.  After  arrival  he  was  weighed  in  the  nude  and  then 
instrumented  with  chest  electrodes  for  heart  rate  (HR),  thermocouples  for  esophageal  and  skin 
temperatures  and  dew  point  sensors  on  the  skin,  and  approximately  ten  minutes  later  he  began 
the  2-hour  test.  The  test  comprised  a  twice  repeated  bout  of  40  minutes  of  cycle  exercise  (60 
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rpm;  1.8±0.37  kp)  followed  by  20  minutes  of  rest  on  the  ergometer  (EX1,  REl,  EX2  and 
RE2).  Each  subject  always  exercised  at  the  same  exercise  intensity  (an  average  of  56±9.01 
W-m'2)  that  had  been  chosen  so  it  would  approximate  55%  of  his  V02max.  The  metabolic 
energy  production  (M)  measured  during  exercise  was  at  average  1.74±0.345  liters  Oj-min’1 
(52±4.9%  V02max)  and  during  rest  0.35 ±0.085  liters  Oj-min*1. 

Esophageal,  skin  and  air  temperatures,  as  well  as  dew  point  temperatures  at  the  skin  and  in  the 
ambient  air  were  monitored  every  minute  during  the  test  and  stored  for  analysis.  Body  weight 
was  sampled  every  20  seconds  from  a  Potter  bed  balance  and  HR  was  recorded  every  10 
minutes.  V02  was  measured  during  the  last  5  minutes  of  the  Orsi  exercise  and  rest  period, 
respectively.  Two  minutes  after  cessation  of  the  test  the  subject  left  the  test  chamber  and 
undressed  immediately  in  the  antechamber. 

Subjective  reactions.  Psychophysical  rating  ballots  were  developed  to  obtain  information  about 
local  and  overall  thermal  sensation  (Gagge  et  al.  1969),  degree  of  shivering  and  sweating 
(modified  from  Nielsen  et  al.  1987),  sensation  of  skin  (modified  from  Umbach  1982)  and 
clothing  wetness,  clothing  comfort  and  ambient  temperature  preference  (Nielsen  et  al.  1987) 
(Table  2,  part  I).  The  rating  scales  and  the  various  sensations  were  discussed  with  the  subject 
in  advance  of  the  first  experiment.  These  scales  were  presented  to  the  subject  every  10  minutes 
during  the  experiment.  After  each  experiment  the  subject  was  asked  to  give  a  more  general 

vvuluuliun  of  lh»  prupeniwt,  of  thw  clothing  t.yt,i<*m  worn  (Tublo  2,  purl  II). 
physiological  variables.  The  methods  used  to  measure  oxygen  uptake,  esophageal  temperature, 
skin  temperature,  dew  point  temperatures  near  the  skfn,  evaporative  heat  loss,  non-evaporated 
and  total  sweat  loss  are  described  in  detail  elsewhere  (Nielsen  and  Endrusick  1989).  Mean  skin 
temperature  (T|k)  was  calculated  as  an  area-weighted  average  of  measurements  from  nine 
different  skin  sites  using  the  formula  (modified  from  Gagge  and  Nishi  1977): 

^•k  *  ®'®^h«nd+0- ^^CrfefMrw+Ti^p#p<pffl'fThMd)+0.20Tc#l(+0^ ^thtoh  + 

0. 1 75(Teh<$  t + +T(  (°C) 

Mean  body  temperature  was  calculated  as  (Hardy  and  DuBois  1938): 

V  °-8T..  +  °-2t.k  <°C) 

Local  skin  wettedness,  w,  on  the  back,  chest  and  thigh  was  calculated  as: 

w  «  (P#v-Pj/(P#i#k-Pw) 

where  Pik  is  the  vapor  pressure  at  the  skin  surface  obtained  from  tht  dew  point  sensor,  Pf  |k 
is  the  saturated  vapor  pressure  at  the  local  skin  temperature  and  is  ambient  water  vapor 
pressure  (Berglund  et  a).  1983).  Ail  average  skin  wettedness  for  thigh  and  torso  area  was 
estimated  using  the  actual  local  skin  surface  area's  fraction  of  the  total  body  surface  area: 
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w  *  (0.l75wchu<  +  0.175wfe4tk  +  0.190wU9)/0.54 
Statistical  analysis.  A  paired  Most  was  used  to  test  whether  there  was  any  difference  in 
subjective  ratings  between  the  first  and  the  second  test  period.  Repeated-measures  analysis  of 
variance  (ANOVA)  was  used  to  determine  whether  the  factor  ’knit  structure’  had  any 
significant  effect  on  subjective  sensations  during  the  course  of  the  test.  In  the  event  that 
ANOVA  revealed  significant  main  effect,  Tukey's  critical  difference  was  calculated  and  used  to 
locate  significant  difference  between  means.  Ail  differences  reported  are  significant  at  the 
p<0.05  level.  SAS  (1985)  was  used  to  do  transformations  of  the  ballot  axes,  correlations  and 
linear  regressions  between  pairs  of  selected  variables,  and  the  SAS  stepwise  procedure  to 
include  several  selected  variables  in  a  linear  model. 

3.  RESULTS 

3.1  Subjective  ratings  during  alternating  work/rest. 

Average  values  of  the  subjective  ratings  for  each  clothing  system  are  presented  in  Figure  1. 
Alternating  work/rest  had  a  significant  influence  on  ail  subjective  ratings. 

Thermal  sensation  of  the  whole  body  increased  during  the  course  of  the  exercise  reaching  on 
average  level  between  ’slightly  warm’  ond  ’warm’  after  30  minutes.  In  the  beginning  of  the  rest 
period  the  thermal  sensation  changed  abruptly  and  after  10  minutes  was  graded  between 
’neutral’  and  ’slightly  cool’  while  after  20  minutes  of  rest  it  was  graded  even  cooler.  There  was 
no  difference  between  the  ratings  in  EX1-RE1  and  in  EX2-RE2.  The  hands  were  experienced 
as  slightly  warm’  to  ’warm’  at  the  end  of  both  exercise  periods,  ’neutral’  after  10  minutes  of 
rest,  and  between  ‘neutral’  and  ’slightly  cool’  at  the  end  of  the  rest  periods.  The  ratings  in  EXl- 
REl  and  EX2-RE2  only  differed  significantly  after  10  minutes  of  rest,  when  the  hands  were 
sensed  colder  in  RE2  than  RE1.  The  feet  were  judged  between  ‘neutral’  and  ’slightly  cool’  in 
the  beginning  of  EX1;  however,  over  the  course  of  the  exercise  the  judgment  changed  to 
between  ’neutral’  end  ’slightly  warm’.  During  REl  the  rating  of  the  feet  changed  to  ’slightly 
_  cool’.  In  EX2  the  judgment  increased  again  to  ’neutral’  and  during  RE2  to  ’slightly  cool’  to 
’cool’.  All EX2-RE2  were  lower  compared  to  the  same  time  in  EXl-REl  (p<0.05; 
n«40)  except  9min  vs  69min. 

Sensation  of  sweating  was  at  average  judged  between  ’slightly  sweating’  and  ’moderately 
sweating’  at  the  end  of  both  exercise  periods.  No  difference  was  visible  in  the  course  of  this 
sensation  in  the  two  periods,  except  when  comparing  the  beginning  of  the  two  exercise  periods 
(9mln  vs  69  min),  where  the  sensation  of  sweating  was  higher  in  EX2  compared  to  EXl 


knit  l. erg  7 

(p<0.05).  After  10  minutes  of  rest,  sweeting  was  on  the  average  no  longer  experienced  and  At 
the  end  of  the  rest  periods  shivering  wes  reported  from  some  subjects. 

Sensation  of  wetness  of  the  skin  changed  from  normal  dryness  to  'chest  and  back  wet',  ’body 
wet’  to  ’clothing  slicks  to  the  skin’  at  the  end  of  both  exercise  pieriods.  The  sensation  of 
wetness  decreased  during  the  rest  periods,  but  after  20  minutes  of  rest  chest  and  back  was  still 
rated  between  ’slightly  wet’  and  ’wet’.  The  wetness  tended  to  be  rated  higher  in  EX2  compared 
to  EX1  (p<0.1),  but  the  difference  was  only  significant  when  comparing  the  beginning  of  the 
two  exercise  periods  (9min  vs  69min). 

Sensation  of  wetness  of  the  clothing  changed  from  ’dry*  to  between  ’slightly  damp'  and  ’wet’ 
after  40  minutes  of  exercise.  During  rest  the  clothing  was  still  being  rated  'slightly  damp’  to 
’damp’.  The  clothing  was  rated  significantly  more  damp  in  the  second  exercise  period  compared 
to  the  first  (p<0.05;  9min  vs  69min,  19mi»  vs  79min,  29min  vs  89min). 

The  sensation  of  the  temperature  of  the  clothing  changed  slightly  during  the  exercise  and  was 
’neutral’  to  ’slightly  warm’  at  the  end  of  the  exercise.  At  rest  the  clothing  was  rated  ’neutral’ 
to  'slightly  cold’.  There  was  no  difference  between  the  ratings  in  the  two  periods,  except  at  the 
end  of  the  43  minutes  of  exercise  when  the  clothing  was  rated  warmer  in  EXl  (p<0.05). 
During  exercise  the  subjects  expressed  a  preference  for  a  slightly  lower  ambient  temperature, 
whereas  at  rest  they  would  have  preferred  a  slightly  higher  air  temperature.  There  was  a  slightly 
higher  rating  during  RE2  compared  to  REl,  being  significant  for  49min  vs  i09min  (p<0.05). 
The  actual  cansatlon  of  the  underwear  against  the  skin  *vos  judged  as  smooth  by  almost  all 
subjects,  and  this  judgment  did  not  vaiy  over  the  course  of  the  test.  After  the  test  nearly  all 
subjects  evaluated  the  clothing  ensemble  to  have  been  comfortable  during  the  lest,  to  have  hnd 
a  ’snug’  or  ’slightly  loose’  fit,  and  to  have  c’ung  somewhat  to  the  body. 

3.2  Effect  of  knit  structure  on  subjective  reactions. 

The  sensation  of  wetness  of  the  clothing  was  the  subjective  experience  most  significant^ 
influenced  by  the  knit  structure  of  the  underwear  worn.  After  10  minutes  of  exercise  K2  and 
K5  were  reported  to  be  more  damp  than  K1  and  K4  (p<0.05).  Throughout  the  test  K2 
continued  to  be  rated  more  damp  than  some  of  the  other  knit  structures  under  study  (20min. 
K2>K4;  40min:  K2>K3,K4;  50min:  K2>K3,K4;  90min:  K2>K4;  lOOmin:  K2>Kl.JG,K4; 
llOmin:  X2>K4).  Four  of  the  five  knit  structures  (Kl,  K2,  K3,  K4)  were  rensed  more  damp 
at  69min  compared  to  9min  (p<0.05),  and  for  K2  and  K4  this  difference  persisted  even  at 
19min  vs  79min. 
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Sensed  wetness  of  the  skin  tended  to  be  rated  highest  with  K2;  however,  there  was  only  a 
significant  effect  of  knit  structure  after  20  and  30  minutes  in  both  exercise  periods  (K2>K4). 
For  both  K2  and  K4  wetness  of  the  skin  was  rated  significantly  higher  in  the  beginning  of  EX2 
compared  to  EX1  (9min  vs  69min,  and  for  K2  also  19min  vs  79min).  Sensed  temperature  of 
the  clothing  also  tended  to  be  higher  and  warmer  with  K2  than  K3  and  K4,  and  sensation  of 
sweating  during  work  tended  to  be  rated  higher  wearing  K2  compared  to  the  other  clothing 
systems;  however,  the  effect  of  knit  structure  was  only  significant  at  19min.  No  main  effect  of 
the  knit  structure  of  the  underwear  could  be  detected  at  any  single  time  on  the  grading  of 
thermal  sensHtfnn  of  the  whole  body,  of  thermal  sensations  of  the  hands  and  the  feet,  or  on 
the  ambient  temperature  preference. 

The  actual  sensation  of  the  underwear  against  the  skin  was  not  influenced  by  the  knit  structure. 
The  questions  asked  after  the  experiment  about  the  performance  of  the  garment  did  not  show 
any  variation  with  knit  structure. 

3.3  Thermoregulatory  responses. 

Alternating  work/rest  had  a  significant  influence  on  the  thermoregulatory  responses  (Figure  2) 
(described  in  detail  in  Nielsen  and  Endrusick  1989).  Knit  structure  of  the  underwear  in  the 
prototype  clothing  ensemble  had  no  influence  on  core  temperature,  but  had  a  significantly  large 
influence  on  the  thermoregulatory  responses  at  the  skin  during  the  intermittent  exercise. 
Differences  were  found  in  mean  skin  temperature,  body  temperature,  local  and  average  skin 
wettedness,  and  non-evaporated  and  evaporated  sweat. 

3.4  Relationship  between  subjective  ratines  and  physiological  reactions. 

Subjective  ratings  were  compared  with  selected  physiologicol  variables  that  possibly  could  have 
affected  the  grading. 

The  sensation  of  the  wetness  of  the  clothing  correlated  well  with  average  skin  wettedness 
(r^O.62).  The  sensation  of  wetness  of  the  clothing  at  the  end  of  the  test  was  well  correlated 
with  the  amount  of  non-evaporatcd  sweat,  i.e.  sweat  accumulated  in  the  clothing  (r=0.63). 
Th?  sensation  of  skin  wetness  also  correlated  well  with  the  measured  average  skin  wettedness 
(r«0.63),  and  this  relationship  was  significant  at  each  time  (9,  19,  ...  Il9min).  Transforming  the 
rating  scale  on  skin  wetness  into  a  logarithmic  scale  before  the  correlation  was  done  showed 
no  improvement  in  the  correlation  coefficient  (r«0.66).  Adding  skin  or  core  temperature  to  the 
model  did  not  provide  a  better  correlation.  Measured  skin  wettedness  at  the  chest  was  the  most 
important  local  skin  wettedness  for  input  to  the  sensation  of  skin  wetness  (r»0.59).  The  sweat 
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absorbed  in  the  clothing  fit  the  end  of  the  experiment  correlated  well  with  the  sensation  of  skin 
wetness  at  the  end  of  the  test  (r*0.63). 

Sensation  of  sweating  correlated  best  with  esophageal  temperature  (r»0.59);  however,  including 
average  skin  wettedness  in  the  linear  model  increased  the  correlation  considerably  (r*0.68), 
whereas  skin  temperature  had  no  positive  influence. 

Thermal  sensation  of  the  body  correlated  well  with  esophogeal  temperature  (r*0.57),  but  even 
better  with  mean  body  temperature  (r-0.59).  The  correlation  between  thermal  sensation  of  the 
body  and  mean  skin  temperature  was  significant,  but  not  high  (r*0.33).  Thermal  sensation  of 
the  hands  was  far  better  correlated  with  core  temperature  (r*0.50)  than  with  hand  skin 
temperature  (r*0.26). 

The  correlation  between  sensation  of  clothing  temperature  and  the  mean  surface  temperature 
of  the  underwear  was  significant,  but  not  high  (r*  0.30).  A  stronger  correlation  was  found  to 
esophageal  temperature  (r=0.44).  and  including  both  esophageal  and  mean  skin  temperature 
in  a  linear  model  increased  the  correlation  coefficient  (r«0.55). 

The  ambient  temperature  preference  correlated  best  with  esophageal  temperature  (r*0.35). 
Including  mean  skin  temperature  in  the  model  did  not  further  increase  the  correlation 
coefficient. 

4.  DISCUSSION 

The  set  of  rating  scales  used  in  this  study  was  developed  in  order  to  give  information 
separately  about  the  thermal  state  of  the  body,  of  the  sensation  of  temperature  and  wetness  of 
the  skin,  the  sensed  temperature  and  wetness  of  the  clothing  in  contact  with  the  skin,  and 
finally  the  ambient  temperature  preference.  Alternate  work/rest  had  a  significant  influence  on 
all  the  subjective  temperature  sensations,  whereas  the  influence  of  knit  structure  was  less 
pronounced  and  only  the  sensed  wetness  of  the  clothing  differed  significantly  between  knit 
structures  throughout  the  test. 

Correlations  between  the  subjective  temperature  ratings  and  the  physiological  responses 
for  most  of  the  various  subjective  ratings  showed  a  high  correlation  with  esophageal 
temperature.  The  sensation  of  skin  wetness  and  sensed  wetness  of  the  clothing  did  not  show 
such  a  correlation.  All  subjective  temperature  sensations  were  quite  insensitive  to  knit  structure, 
whereas  alternate  cxcrcise/rest  had  a  significant  effect.  Core  temperature  has  in  several  studies 
been  shown  to  be  a  major  determinant  (80-90%)  of  whole  body  thermal  sensation,  with  mean 
skin  temperature  as  another,  but  less  important  determinant  (e.g.  Bleichert  and  Behling  1973; 
Nielsen  and  Nielsen  1984).  Exercise  has  a  major  influence  on  the  core  temperature  level 
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(Nielsen  1938;  Saltin  and  Hcrmanscn  1966).  and  therefore  it  is  not  surprising  that  we  also 
observed  significant  changes  in  the  thermal  sensation  resulting  from  changes  in  esophageal 
temperature  induced  by  alternating  work/resl  (Figure  2).  Knit  structure  of  the  underwear  only 
influenced  the  thermoregulatory  responses  at  the  skin.  Skin  temperature  had  a  minor,  but 
significant  influence  on  the  thermal  sensation  of  the  body  in  the  present  study;  however,  this 
must  be  due  to  variations  of  skin  temperature  with  alternate  work/rest  during  the  course  of 
time,  as  the  difference  in  mean  skin  temperature  caused  by  wearing  various  knit  structures  did 
not  give  rise  to  any  difference  in  thermal  sensation  of  the  body  at  9min,  19min,  etc.  Sensations 
of  clothing  temperature  and  ambient  temperature  preference  were  not  correlated  to  mean  skin 
temperature.  Although  core  temperature  was  the  major  determinant  of  these  two  experiences, 
the  correlation  coefficient  was  lower  the  further  away  from  the  core  the  evaluation  was  done. 
This  may  either  reflect  different  buffer  actions  of  the  various  underwent  systems  used,  or  that 
the  influence  of  the  environment  is  less  than  the  influence  of  work/resl  on  these  sensations,  or 
that  the  distribution  of  the  data  is  too  narrow  to  get  a  good  correlation.  However,  the 
intercorrelation  between  thermal  sensation  of  the  body  (TSB)  and  sensation  of 
sweating/shivering  (SSS),  clothing  temperature  (SCT)  and  ambient  temperature  preference 
(ATP),  respectively,  was  high  (TSB  vs  SSS:  r«0.81;  TSB  vs  SCT:  rtt0.74;  TSB  vs  ATP:  r«=0.71). 

For  all  three  sensations  of  humidity  in  the  skin  environment,  skin  wettedness  was  an 
important  factor;  however,  for  the  sensatio'i  of  sweating  esophageal  temperature  was  more 
important.  Core  temperature  is  the  most  important  afferent  :nput  to  the  temperature  regulation 
which  promoted  sweating  (Kcrslake  1972),  and  seemingly  core  temperature  also  correlates  well 
with  the  sensation  of  sweating  with  skin  wettedness  being  another  albeit  less  prominent 
determinant.  Rated  wetness  of  the  clothing  and  wetness  of  the  skin  were  the  two  sensations 
most  sensible  to  the  variation  in  knit  structure  of  the  underwear  and  to  the  difference  in  skin 
wettedness  between  the  repeated  work/resl  periods.  Both  sensations  correlated  well  with  average 
skin  wettedness,  i.c.  a  physiological  variable  within  the  skin-clothing  interface  where  the  knit 
structure  influenced  the  physiological  responses.  The  sensation  of  wetness  of  the  clothing  was 
probably  also  influenced  by  the  amount  of  sweat  accumulated  in  the  clothing;  however,  we 
could  not  measure  this  continuously  throughout  the  test,  only  at  the  end  of  the  test,  and  at  this 
point  in  time  the  amount  of  sweat  accumulated  in  the  clothing  correlated  well  with  the 
sensation  of  wetness  of  the  clothing.  The  present  results  indicate  thut  subjective  sensations  of 
humidity  at  the  skin  and  in  the  clothing  are  the  most  effective  ratings  to  discriminate  between 
clothing  systems  that  do  not  differentiate  enough  in  terms  of  insulation  to  provoke  differences 
In  core  temperature. 
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How  can  we  sense  wetness  on  the  skin  and  in  the  clothing  without  humidity  sensors  in 
the  skin  ?  Does  sweat/water  on  the  skin  influence  the  thermoreceptors,  so  we  sense  a  slightly 
different  temperature  with  sweat/watcr  on  the  skin  compared  to  air  ?  Or  does  the  sweat/water 
on  the  skin  contemporarily  change  the  afferent  input  from  thermoreceptors  and  tactile  receptors 
in  the  skin,  so  that  afferent  input  to  the  brain  centers  by  experience  is  combined  and  connected 
to  a  sensation  of  skin  wetness  ?  Green  (1980)  showed  that  a  tactile  stimulus  adopts  thermal 
sensations  from  adjacent  conductive  thermal  stimuli  focusing  thermal  sensations  at  the  site  of 
tactile  stimulation.  Other  investigators  (e.g.  Hensel  and  Zotterman  1951;  Iggo  1960;  KfiisbestOl 
and  Vallbo  1970;  Poulos  and  Lende  1970)  have  shown  that  many  mechanoreceptive  afferents 
show  significant  increases  in  spontaneous  firing  rates  as  the  skin  is  cooled,  which  may  he 
perceived  as  an  increment  in  tactile  sensation  at  the  skin.  Warming  the  skin  leaves  most  tactile 
afferents  unaffected,  except  maybe  for  the  polymodal  nociceptors  (unmyelinated  C  fibers) 
especially  found  in  hairy  skin  (Torebjdrk  1974).  This  means  that  a  bimodal  interaction  actually 
binds  tactile  and  thermal  sensations  together  into  a  cohesive  perception.  In  nude  man  a 
swcAt/temperature-mediated  increase  in  firing  rate  from  the  tactile  receptors  could  be  caused 
by  a  weight  action  of  sweat  on  hair  pressing  these  towards  the  skin.  It  would  probably  require 
a  considerable  skin  wettedness  before  such  a  relatively  light  tactile  stimulation  could  be  sensed. 
In  nude  man  the  sensation  of  skin  wetness  is  hypothesized  to  be  more  sensitive  with  a  cool 
skin  compared  to  a  warm  skin  considering  the  temperature-mediated  increase  in  nervous  firing 
rote.  In  the  present  study,  this  is  supported  by  skin  wettedness  on  the  chest  being  the  most 
important  local  input  of  the  sensation  of  wetness  (the  cooling  of  the  skin  was  greatest  here). 
We  are  not  aware  of  any  studies  on  nude  man  relating  skin  wettedness  directly  to  the  sensation 
of  skin  wetness.  Actually,  few  studies  have  been  done  on  the  sensation  of  skin  wetness. 
However,  Gngge  et  al.  (1969)  related  skin  wettedness  to  a  sensation  of  discomfort.  Discomfort 
was  observed  at  50-65%  skin  wettedness,  which  is  a  much  higher  value  than  observed  in  dressed 
man.  Unfortunately,  in  this  study  we  did  not  include  experience  of  comfort  in  the  ballots. 

Clothing  will  move  across  the  skin  and  stimulate  cutaneous  tactile  receptors  in 
proportion  to  the  amount  of  skin  displacement  occurring  upon  contact  with  the  fabric.  Sweat 
(Naylor  1955;  Gwosdow  et  al.  1986)  and  water  externally  applied  to  the  skin  surface  (Nacht  et 
al.  1981;  Sulzberger  et  al.  1966)  increase  skin  surface  friction.  The  higher  the  friction,  the  larger 
the  amount  of  skin  displacement,  and  thus  the  greater  the  tactile  stimulation.  At  the  same  time 
as  movement  of  clothing  produces  tactile  sensations  it  may  also  shortly  produce  stimulations 
with  a  different  temperature.  In  the  present  study  clothing  temperature  was  experienced  to  vary 
with  work/rest  and  with  knit  structure.  An  influence  from  heavy  wet  clothing  on  tactile 
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receptors  in  the  skin  would  give  a  stronger  stimulus  compared  to  sweat  on  nude  skin,  which 
indicates  that  in  clothed  man  the  threshold  for  sensation  of  wetness  would  be  at  a  lower  level 
of  skin  wettedness  than  in  nude  man.  The  lower  the  skin  or  the  clothing  temperature,  the  lower 
the  level  of  skin  wettedness  that  can  be  sensed.  In  a  situation  where  the  skin/clothing  interface 
is  wet  for  an  extended  period  of  time  hydration  of  the  skin  may  occur.  This  swelling  of  the  cells 
in  the  skin  may  sensitize  the  tactile  receptors  in  the  skin,  and  thus  further  increase  the 
sensitivity  to  skin  wetness.  In  the  present  study,  this  may  have  occurred  in  the  EX2-RE2. 

Comfort  acceptance  of  garments  next  to  the  skin  is  in  some  way  related  to  the  ability 
of  these  garments  to  remove  sweat  from  the  skin-clothing  interface  (Hollies  1977).  It  was 
proposed  elsewhere  (Nielsen  and  Endrutick  1989)  that  the  openness  of  the  knit  structure  in 
underwear  allows  for  different  degrees  of  convective  cooling  of  the  skin,  thus  producing 
different  thermoregulatory  responses  at  (he  skin.  Results  of  Hock  (1944)  Indicate  that  the 
extent  of  contact  between  underwear  and  skin  may  also  be  of  direct  importance  for  the 
thermoregulatory  and  the  subjective  responses.  He  found  for  mostly  hydrophobic  textiles  that 
the  sensation  of  chilling  produced  on  the  forearm  by  wet  textile  samples  was  related  to  the 
produced  drop  in  skin  temperature,  which  further  was  a  function  of  the  extent  of  contact  the 
textile  samples  made  with  the  skin.  The  extent  of  contact  a  fabric  makes  with  the  skin  depends 
on  the  knit  structure.  However,  the  extent  of  contact  with  the  akin  also  varies  with  the  amount 
of  absorbed  humidity  (Hock  1944).  The  hydrophilic  materials  used  in  the  underwear  in  the 
present  study  did  not  absorb  much  sweat,  and  the  heat  Joss  by  conduction  due  to  (he  contact 
between  the  fabric  and  the  skin  can  be  considered  negligible.  The  extent  of  contact  between 
skin  and  underwear  are  probably  of  less  importance  with  hydrophilic  compared  to  hydrophobic 
materials.  Fabrics  which  are  superior  in  comfort  at  one  moisture  percentage  usually  show  similar 
characteristics  at  other  moisture  levels  (Hock  1944). 

5.  CONCLUSIONS 

In  summary,  intermittent  work  significantly  influenced  various  subjective  temperature  and 
humidity  sensations.  Knit  structure  of  underwear  influenced  sensations  of  humidity  significantly, 
but  not  sensations  of  temperature.  The  various  sensations  of  temperature  mainly  depended  on 
core  temperature,  whereas  the  sensations  of  humidity  correlated  best  with  skin  wettedness.  It 
is  therefore  concluded,  that  subjective  sensations  of  wetness  of  the  skin  and  of  the  clothing  are 
the  best  subjective  tools  to  discriminate  between  the  thermal  function  of  garments  that  do  not 
differ  enough  to  produce  differences  it)  core  temperature. 
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LEGENDS 

Table  1.  Physical  characteristics  of  the  textiles  applied  (ASTM  D1518-77,  ASTM 
D1774-64,  DIN  54101)  and  of  the  garments  measured  on  a  thermal 
manikin. 

Table  2.  Rating  ballots. 

Figure  1.  Time  progression  of  the  subjective  ratings  (n*8).  (K1  o,  K2  q.  K3  x,  K4 
&  K5  ■). 


Figure  2. 


Time  progression  of  esophageal,  mean  skin  temperature,  body  temperature 
and  average  skin  wettedness  (n=8). 
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Table  1. 


Knit  Structure 

1  -by- 1  rib  Fleece 

Fishnet 

Interlock 

2-layer  BDU 

Kl  K2 

K3 

K4 

K5 

TEXTILE  .SAMPLES 


Fabric  thickness  (nim) 

.84 

1.65 

1.04 

1.04 

.81 

.58 

+  BDU  on  top 

1.33 

2.06 

1.40 

1.43 

1.30 

Thermal  resistance* 

.156 

.193 

.139 

.148 

.147 

.121 

+  with  BDU  on  top 
(m^K-W1) 

.165 

.208 

.166 

.160 

.164 

Water  vapor  resistance** 

15.0 

19.5 

17.1 

15.4 

16.0 

12.5 

+  with  BDU  on  top 

21.7 

23.8 

20.2 

23.8 

13.4 

(m2Pa- W*1) 


THERMAL  MAIilKI^ 


Total  thermal  resistance  (Rtot) 
(ir^-KW*1) 

Underwear  ensemble  only 

.136 

.164 

.140 

.144 

.144 

Clothing  system 

.243 

.268 

.256 

.248 

.250 

•  Includes  thermal  resistance  of  air:  .106  m2K- W'1 

**  Includes  water  vapor  resistance  of  air:  8.8  ir.2  PaW* 1 
*M  Includes  thermal  resistance  of  air  (R,):  .104  m^  K  W'1 
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RARTI 

PART  II 

How  b  tho  Overall  tnarmol  Itot*  of  your 

How  doet  th*  clothing  fool  1 

How  do  you  avotuot#  th*  performance  of  your 

1)bOd>  7,  2)  f**t  7.  Jlhondl? 

1  dry 

clothing  onumMo  during  m*  loti  7 

1  vary  cow 

7  Highity  domp 

1  comfodobl* 

7  cold 

3  domp 

7  tHOhtiy  uncomrorlobl* 

3  coor 

4  wot 

3  uncomrorlobl* 

4  ntgntiyeooi 

4  very  uncomfortable 

1  neutral 

l  cold 

4  nightly  worm 

3  iUghttycold 

1  worm 

3  nautial 

How  did  Ih*  garment  m  7 

•  hoi 

4  nighltyworm 

0  vary  hoi 

•  worm 

t  very  mug 

7  snug 

i  amoorn 

3  lllghlty  loot* 

Aro  you  7 

2  nightly  rough/iciofehy 

3  rough/Miotohv 

4  loot* 

1  haovOy  ihlverlng 

4  vory  rough/acrotehy 

7  modarotaty  |hlv*rfng 

3  lllghtly  ihlvaring 

Did  me  gormenl  cling  lo  your  body  7 

4  noi  oi  oil  ihhr./iwaai. 

How  would  you  prof**  tho  ompiant 

l  not  at  oil 

4  lllghtly  twaotlng 

oir  fomporalur*  7 

7  iom* 

4  modaiolaly  iwaoHng 

3  o  lot 

7  haovlly  tweeting 

I  much  cooior 

7  lllghlty  cooior 

3  no  chong* 

How  doai  your  ikln  faal  7 

1  mor*  dry  thon  normol 

3  normol  drynati 

3  ChOtl  cm e  bock  lllghlty  w*t 

4  chan  ond  bock  wai 

4  body  w  at 

4  body  wat;  clothing  itlcki  on  th*  ikln 

7  twaot  runt  tomowhor*  off 
•  twaot  runt  off  many  piocot 

4  nightly  wormor 

3  much  wormor 

i 

•ary  net 
hot 

wnm 
ellpMly  warm 
neutral 
•iiQhiiy  coot 
COOI 

cow 


*41  y  hoi 
hot 
warm 
•lightly  warm 

neutral 
•'•fl'liy  cool 

cold 

vary  hoi 
hoi 
w*«m 
•JigMIy  warm 
naulrai 

Ollghlly  COOl 
COOI 
COW 

much  warmer 
allgmiy  »l>m»r 
no  change 
•  lightly  Cooler 
much  cooler 


THERMAL  SENSATION,  BOOT 


THERMAL  SENSATION,  HAND 


THERMAL  SENSATION,  FEET 


a  lightly  warm 


nightly  cold 


damp  !■ 


nightly  damp 


eweti  runa  lomowiwpa  otl 

body  wet,  rioihing 
alicha  on  the  akin 

body  wai 

cheii  t  back  wet 

cheat  b  beck  altgnuy  wet 


nor  mei  dry  neat 


AMBIENT  TEMPERATURE  PREFERENCE 


hBBvIly  twMtlrvg 

modiw#«?»ng 

•MQMiy  twMilrvy 
not  •«  fell  iwMiyiMv. 
•lighlty  »Mtrf  Hng 
mod  iRIvfMog 
OtJvdy  ihfytring 


TEMPERATURE  OF  CLOTHING 


WETNESS  OF  CLOTHING 


WETNE9S  OF  THE  SKIN 


SWEATING/SHIVERING 


time  (huhi 


too  tie 


lima  (mini 


CORE  TEMPERATURE 


MEAN  SKIN  TEMPERATURE 


TlMt  (min) 


TIM|  (min) 


